The identification of natural products that disrupt biofilm formation has become an area of recently expanded interest in combating antibiotic resistance. The formation of biofilms has been correlated with increased pathogenesis in many strains of Gram-negative bacteria. Molecules that disrupt the formation of biofilms therefore represent a potentially novel way to combat pathogenesis. Lichen natural products are an underexplored source of biofilm disrupting natural products. We have investigated the biofilm disrupting activity of the lichen natural product usnic acid (UA) in comparison to the biosynthetic precursor methylphloroacetophenone (MPA). We have observed in our assays that UA is more bioactive than MPA, suggesting a rationale for the biosynthesis of UA in a wide variety of lichen species. These results suggest that lichen natural products may prove to be a rich source of biofilm inhibitors.
Lichen are a symbiotic association of a fungal partner (mycobiont) and an algal partner (photobiont). The algal partner serves to generate fixed carbon through photosynthesis which in turn is used by the fungal partner as an energy source. Lichen fungi are known to produce a broad array of biologically active natural products many of which are polyphenols typical of the polyketide pathway. Several of these natural products appear to be unique to lichen fungi such as usnic acid (UA, Figure 1 ), a yellow dibenzofuran that is found in a number of lichen species [1] [2] [3] .
Usnic acid (UA) is derived from acetate via the polyketide pathway, where the intermediate methylphloroacetophenone (MPA, Figure 1 ) is dimerized in an oxidizing step [4] . Usnic acid (UA) is one of the most widely studied lichen metabolites [5] and has been shown to possess antimicrobial activity against a number of planktonic grampositive bacteria, including Staphylococcus aureus, Enterococcus faecalis, and Enterococcus faecium. Although the exact mechanism of action is still unknown [6, 7] there is some evidence that the antibacterial activity of UA is due to the inhibition of RNA transcription [8] . In addition, it appears that usnic acid (UA) also has the capacity to affect biofilm formation in organisms such as Staphylococcus aureus and Pseudomonas aeruginosa [9] . Opportunistic human pathogens such as Pseudomonas aeruginosa, can sense their own population density by using an intercellular signaling system known as quorum-sensing (QS), which in turn regulates a diverse array of physiological activities such as biofilm formation and the production of virulence factors [10, 11] . Opportunistic pathogens embed themselves in an extracellular polymeric matrix that forms the basis of the biofilm, which can contribute to bacterial resistance and pathogenicity [12] . Targeting the quorum sensing circuit in P. aeruginosa could be a useful approach to prevent bacterial pathogenesis. This approach could render pathogenic bacteria non-virulent without affecting their viability, which will result in less pressure to develop resistance as is observed in antibiotic therapy [13, 14] .
Recently natural products have become of interest as a source of QS inhibitor. For example, ajoene from Allium sativum [15] , curcumin, from Curcuma longa [16] , iberin from Armoracia rusticana [17] have all been shown to interrupt bacterial QS signaling system. In addition, methanolic extracts from plants used in traditional medicine applications have been also shown to disrupt the formation of biofilms [18, 19] .
There has been some recent interest in exploring lichen natural products and their ability to disrupt biofilm formation [ ]. There has been a demonstration of the potential application of usnic acid in thin film coatings for this purpose [ ]. However, little is known about the potential of the biosynthetic intermediate MPA for disruption of biofilm formation. One possible explanation for the conversion of MPA into UA in lichen is that the latter may have an increased biological activity, providing greater protection ot the slow growing lichen from bacterial infection. Therefore, we set out to compare the bioactivity, specifically with respect to biofilm formation, of usnic acid (UA) and the biosynthetic precursor methylphloroacetophenone (MPA). It is interesting to note that there have been no reports of the isolation of MPA as a natural product and suggesting that MPA is rather efficiently converted into UA in lichen species. We demonstrate here, for the first time, that in our experiments UA displays more biological activity than MPA. This perhaps provides some explanation for the efficient conversion of MPA into UA by producing lichen species. The presence of UA in some lichen species may offer some protective effect from colonization by bacteria through the mechanism of disrupting biofilm formation and the quorum sensing pathways. Usnic acid (UA) is known to inhibit the growth of numerous Grampositive bacteria, while it has no effect on Gram-negative microorganisms [1, 7] , but interestingly in our present investigation UA was found to exhibit strain specific antibacterial activity against both Gram-positive and Gram-negative standard reference strains at concentrations ranging 7.8 -500 µg/mL (Table 1) . UA has found to be more active as compared to that of MPA against all tested reference strain. Table 2 : Pyoverdin and Pyocyanin production in Pseudomonas aeruginosa, grown in presence or absence of UA and MPA.
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The fluorescence emission spectrum was recorded by exciting at 405 nm. The activity was expressed in relative fluorescence units for the Pyoverdin production. Salicylic acid was used as positive control. Values are expressed as mean ± SEM (standard error of the mean).; (n = 3); *P < 0.05 (vs control). Values are expressed as mean ± SEM (standard error of the mean).; (n = 3); *P < 0.05 (vs control).
Pyoverdin and Pyocyanin are virulence factors regulated by QS and play an important role in bacterial invasion of the host cell. Pyoverdin promotes microbial growth by competing with mammalian transferrin for iron, causing iron deficiency in the host cells with subsequent improvement of iron availability in the bacterial cells [18, 22] . Pyocyanin is functioning as a redox active toxin and promoting extracellular DNA (eDNA) release for biofilm formation [23, 24] . UA and MPA have significantly inhibited the production these virulence factors in a dose-dependent manner (Table 2) . UA was found to be more active than its intermediate at any given concentration.
Bacterial motility is one of the major QS regulated factors responsible for biofilm formation [18] . Flagellum-dependent swimming, swarming motility and type IV pilus-based twitching motility have been shown to be required for the initial attachment and development of a biofilm by P. aeruginosa and also for the overproduction of virulence factors [25, 26] . UA and MPA have inhibited swimming, swarming and twitching motility in a dose dependent manner (Table 3 ).
The effect of UA and MPA on bacterial biofilm formation was assessed by crystal violet assay. Both UA and MPA were found to inhibit bacterial biofilm formation in a dose dependent manner (Figure 2) . UA (31.25 µg/mL; 48.2% inhibition) was found to be more active as compared to MPA (31.25 µg/mL: 21.1% inhibition). Our present investigation suggests that both UA and its intermediate MPA inhibits bacterial biofilm formation and virulence factor production and may be by interfering with the bacterial QS signaling system.
In conclusion, we have demonstrated that UA is more biologically active than MPA in whole cell and biofilm disruption assays. This suggests a rationale for why lichen fungi exert the effort required to produce UA. This knowledge may help guide the discovery of other natural products that disrupt biofilm production.
Experimental
Test Compounds: Usnic acid (UA) was purchased from ChromaDex USA (>98% purity by HPLC) and used as received. Methylphloroacetophenone (MPA) was synthesized using a previously reported method [4] and the spectroscopic characterization data was identical to the previously reported data.
Bacterial Strains: Reference strains (S. aureus MTCC 96, B. subtilis MTCC 441, and Pseudomonas aeruginosa MTCC 2453) were used for assay. The strains were maintained on Nutrient Agar (NA) plate and stored at 4ºC. A single colony was transferred to Mueller Hinton broth (MHB), and incubated at 37 ºC. Density of the broth (containing the suspended organisms) was adjusted to 0.5 McFarland standard [18] .
Bacterial susceptibility assay: Minimum inhibitory concentration (MIC) was determined using the broth micro-dilution method.
Briefly, a standardized test inoculum (10 µL of a 1-5×10 5 CFU/mL suspension) added to the wells of 96 well microtitre plate, containing 100 μL of two-fold serially diluted sample (UA and MPA) in MHB (final concentrations ranging from 0.015 to 2 mg/mL) and were then incubated (100 rpm, 37°C) for 18 h. DMSO (0.1%) was used as the negative control. The MIC value is defined as the lowest concentration where no viability was observed after 18 h [18] . Usnic acid bioactivity Natural Product Communications Vol. 13 (12) 2018 1675
Effect on biofilm formation: The effect of UA and MPA on biofilm formation was performed in 96-well polystyrene plates. A standardized inoculum (5 µL of a 1-5×10 5 CFU/mL suspension) was inoculated with 100 µL of fresh MHB in presence or absence (non-treated control) of UA and MPA. Following incubation (24 h), non-adherent bacteria were removed by washing with sterile phosphate buffer saline (PBS; pH 7.2). Biofilms were stained with 1% crystal violet solution. The absorbance of the crystal violet solution (stain bound to biofilm was removed from each well employing 33% glacial acetic acid) was measured at 492 nm (Spectramax M5, Molecular Device). Wells containing medium and extract were used as blanks [27] . The percentage of inhibition of biofilm formation was calculated with the following formula:
(Optical density at 492 nm of the test sample/ Optical density at 492 nm of non-treated control) × 100
Pyoverdin bioassay: Samples of UA and MPA over a range of concentrations were incubated for 24 h with a 10% culture of P. aeruginosa. The cells were removed by centrifugations, and the cell-free supernatant was used for the pyoverdin assay. The pyoverdin concentration in the supernatant was measured with fluorescence spectroscopy with excitation @ 405 nm and emission @ 465 nm in a multimode microplate reader (Spectramax M5; Molecular Device). The activity was recorded in relative fluorescence units [27] and reported as the mean with the error expressed as the standard error of the mean (SEM).
Pyocyanin bioassay:
The effect of UA and MPA on pyocyanin production was performed in 15 mL Falcon tubes. A standardized inoculum (250 µL of a 1-5 × 10 5 CFU/mL suspension) of P. aeruginosa was inoculated with 5 mL of fresh MHB in absence (non-treated control) and presence (treated) of UA and MPA. The cell culture (5 mL) was extracted with chloroform (3 mL) and 1 mL of 0.2 M hydrochloric acid was added. The organic layer was collected by centrifugation and the absorbance was recorded at 520 nm [24] and reported as the mean with the error expressed as the standard error of the mean (SEM).
Swimming motility bioassay:
Tryptone swim plates (1% tryptone, 0.5% NaCl, 0.3% agar) were inoculated with a sterile toothpick and incubated for 16 h at 25°C. Motility was assessed qualitatively by examining the circular turbid zone formed by the bacterial cells migrating away from the point of inoculation [26] .
Swarming motility bioassay: Swarm plates were composed of 0.5% Bacto Agar and 8 g of nutrient broth/liter (Difco, Detroit, Mich.), supplemented with 5 g of dextrose/liter, and dried overnight at room temperature. Cells were point inoculated with a sterile toothpick, and the plates were incubated at 30°C for 24 h [26] .
Twitching motility bioassay: Cells were stab inoculated with a toothpick through a thin (approximately 3-mm) LB agar layer (1% agar) to the bottom of the petri dish. After incubation for 24 to 48 h at 30°C, a hazy zone of growth at the interface between the agar and the polystyrene surface was observed [26] .
